Ten phenols were selected as natural laccase mediators after screening 44 different compounds with a recalcitrant dye (Reactive Black 5) as a substrate. Their performances were evaluated at different mediator/dye ratios and incubation times (up to 6 h) by the use of Pycnoporus cinnabarinus and Trametes villosa laccases and were compared with those of eight known synthetic mediators (including -NOH-compounds). Among the six types of dyes assayed, only Reactive Blue 38 (phthalocyanine) was resistant to laccase-mediator treatment under the conditions used. Acid Blue 74 (indigoid dye), Reactive Blue 19 (anthraquinoid dye), and Aniline Blue (triarylmethane-type dye) were partially decolorized by the laccases alone, although decolorization was much more efficient and rapid with mediators, whereas Reactive Black 5 (diazo dye) and Azure B (heterocyclic dye) could be decolorized only in the presence of mediators. The efficiency of each natural mediator depended on the type of dye to be treated but, with the only exception being Azure B (<50% decolorization), nearly complete decolorization (80 to 100%) was attained in all cases. Similar rates were attained with the best synthetic mediators, but the reactions were significantly slower. Phenolic aldehydes, ketones, acids, and esters related to the three lignin units were among the best mediators, including p-coumaric acid, vanillin, acetovanillone, methyl vanillate, and above all, syringaldehyde and acetosyringone. The last two compounds are especially promising as ecofriendly (and potentially cheap) mediators for industrial applications since they provided the highest decolorization rates in only 5 to 30 min, depending on the type of dye to be treated. and for other industrial and environmental applications. To evaluate the mediating capabilities of these compounds, we used a test based on the decolorization of Reactive Black 5, a recalcitrant dye that is not oxidized by laccase alone (12). Once selected, the new natural mediators were assayed for the decolorization of different types of industrial dyes by laccase.
Laccases are multicopper oxidases that catalyze the oneelectron oxidation of substituted phenols, anilines, and aromatic thiols to their corresponding radicals with the concomitant reduction of molecular oxygen to water. Laccases are produced by plants and fungi, including white-rot basidiomycetes responsible for lignin degradation in nature (36, 46) , although some bacterial laccases have been recently described and fully characterized (17) . It is because of the involvement of laccases in lignin degradation that they were first investigated for applications in the pulp and paper industry as substitutes for chlorine-containing reagents for pulp bleaching (38, 41) .
The broad substrate specificities of laccases, together with the fact that they use molecular oxygen as the final electron acceptor instead of the hydrogen peroxide used by ligninolytic peroxidases (38) , make these enzymes highly interesting for the pulp and paper industry as well as for other industrial and environmental applications. However, the low redox potentials of laccases (0.5 to 0.8 V) compared to those of ligninolytic peroxidases (Ͼ1 V) only allow the direct degradation by laccases of low-redox-potential phenolic compounds and not the oxidation of the most recalcitrant aromatics, including different industrial dyes (49) . Nevertheless, insights into lignin degradation by some white-rot fungi that only produce laccase showed a way to a new type of laccase applications involving enzyme mediators.
The basis of the laccase-mediator concept is the use of low-molecular-weight compounds that, once oxidized by the enzyme to stable radicals, act as redox mediators, oxidizing other compounds that in principle are not substrates of laccase. From the description of the first laccase mediator, 2,2Ј-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) (4) , to the more recent use of the -NOH-type, synthetic mediators, including 1-hydroxybenzotriazole (HBT), violuric acid (VIO), and N-hydroxyacetanilide (NHA), a large number of studies have been produced on the mechanisms of oxidation of nonphenolic substrates (2, 3, 48) , the search for new mediators (5, 18) , and their use in pulp bleaching (7, 20, 39) . More recently, applications of the laccase-mediator system in the degradation of aromatic xenobiotics (including polychlorinated biphenyls, fungicides, industrial dyes, and polycyclic and other aromatic hydrocarbons) have been investigated (26, 27, 28, 37, 42) . Nevertheless, the laccase-mediator system has yet to be applied at the mill scale due to the cost of mediators and the lack of studies that guarantee the absence of toxic effects of these compounds or their derivatives.
The use of naturally occurring laccase mediators would present environmental and economic advantages. Compounds involved in the natural degradation of lignin by white-rot fungi may be derived from oxidized lignin units or directly from fungal metabolism (16, 25, 34) . In addition to enabling the oxidation of compounds that are not oxidized by laccases (e.g., the nonphenolic lignin moiety), the mediators can diffuse far away from the mycelium to sites that are difficult to reach by the enzyme itself (e.g., the lignin macromolecule inside the plant cell wall).
The purpose of the present study was to evaluate the potential of several naturally occurring (mostly phenolic) compounds to mediate the oxidative reactions catalyzed by laccase with the aim of identifying cheaper, more efficient and ecofriendly mediators for the decolorization of recalcitrant dyes in the absorbance maxima characteristic of Azure B (647 nm), Reactive Blue 19 (592 nm), Acid Blue 74 (608 nm), Reactive Blue 38 (620 nm), and Aniline Blue (592 nm) were measured at different incubation times. Ten natural compounds selected from the previous screening, HAA, and the seven synthetic compounds listed above were used as mediators in these experiments. Absorption spectra between 275 and 800 nm were recorded during dye decolorization with selected mediators by use of a diode-array spectrophotometer.
RESULTS

Mediator screening and dye decolorization conditions.
Among the 44 compounds screened as laccase mediators (phenolic alcohols, aldehydes, ketones, acids, esters, and some amines), 22 promoted the decolorization of Reactive Black 5 by P. cinnabarinus laccase with the same concentrations of mediator and dye (Fig. 1 ). The 10 phenols shown in Fig. 2a to j produced decolorization rates of 10 to 80% and were selected for additional studies with different types of dyes. The laccase activities on these compounds at the concentrations used for mediators are shown in Table 1 . Among them, acetosyringone and syringaldehyde provided the highest decolorization rates. The kinetic constants of P. cinnabarinus laccase (purified to a final yield of 39%) were calculated for syringaldehyde (K m , 116 Ϯ 3 M; V max , 244 Ϯ 0 U/mg), acetosyringone (K m , 1,404 Ϯ Fig. 3) . In contrast, the most (and fastest) decolorization of Reactive Black 5 with these two mediators was obtained at pH 5. Therefore, pH 5 was used for subsequent decolorization assays.
The influences of the natural mediator concentrations on the decolorization of Reactive Black 5 (2-h treatment) are shown in Fig. 4 . Laccase in the presence of acetosyringone and syringaldehyde produced the strongest decolorization rate (Ͼ80%) at a mediator/dye ratio of only 2:1. In contrast, the p-coumaric acid decolorization rate was directly proportional to the mediator concentration. Reactions with the synthetic mediators HBT and VIO (data not shown) required much higher mediator concentrations than those for acetosyringone and syringaldehyde (up to 250 M) to attain similar decolorization rates.
Decolorization of different types of dyes. The 10 natural mediators described above were evaluated for the oxidation of six dyes with different chemical structures ( Fig. 5 ). Three mediator concentrations and both P. cinnabarinus and T. villosa laccases were used for 6-h treatments, although the most significant differences were observed during the first 2 h. The results were compared with those obtained with HAA and seven synthetic mediators, i.e., the two mentioned above and ABTS, PZ, HNNS, NNDS, and TEMPO ( Fig. 2k to r).
(i) Reactive Black 5. The diazo dye Reactive Black 5 (Fig. 5A) had been previously used for the screening and optimiza-tion of treatment conditions. Its decolorization by laccase and natural mediators (50 M) as a function of time is shown in Fig. 6A . Acetosyringone and syringaldehyde not only produced the largest amounts of decolorization but also were extremely rapid at decolorizing the dye (Ͼ80% decolorization in 5 min). In contrast, the most effective synthetic mediators, NNDS and HNNS, required 4 h to attain 70 to 80% decolorization, and HBT and VIO only reached 50 to 60% after 6 h ( Fig. 6B ). Among the natural mediators, 2,4,6-trimethoxyphenol and vanillin also required several hours to attain 70 and 50% decolorization, respectively.
(ii) Azure B. The decolorization of Azure B, a heterocyclic dye ( Fig. 5B ) which, like Reactive Black 5, is not oxidized by laccase alone, is shown in Fig. 6C and D. In the presence of mediators, Azure B was decolorized to a lesser extent than Reactive Black 5. Effective mediating capabilities were observed for acetosyringone and p-coumaric acid, with both attaining 40% decolorization at a 100 M mediator concentration, but decolorization occurred significantly more rapidly (15 min) with acetosyringone. Less than 10% color removal was obtained with syringaldehyde, whereas HAA produced about 25% decolorization. When the mediator concentration was raised above 100 M, an enhancement of decolorization (about 60% in 2 h) was observed with p-coumaric acid (data not shown), but no effect was produced on acetosyringone or syringaldehyde decolorization (as also found for Reactive Black 5 decolorization). HNNS and NNDS were the most effective synthetic mediators, although they produced slower Azure B decolorization than the most effective natural mediators.
(iii) Reactive Blue 19. The anthraquinoid dye Reactive Blue 19 ( Fig. 5C ) was 90% decolorized by laccase alone in 6 h, and the effect of the different mediators was more easily observed after short reaction times ( Fig. 7A and B ). Acetosyringone and syringaldehyde strongly accelerated decolorization during the first minutes of reaction (e.g., a nearly 20-fold increase by 25 M syringaldehyde after 5 min). p-Coumaric acid also im- (iv) Aniline Blue. The triarylmethane-type dye Aniline Blue (Fig. 5D ) was decolorized up to 35% by laccase alone in 6 h, with the rate being strongly increased by natural mediators (Fig. 7C and D) . Up to 80% decolorization was obtained with acetosyringone and syringaldehyde within 5 min. In fact, most of the natural mediators tested strongly enhanced Aniline Blue decolorization by laccase (up to 70% decolorization was attained with vanillin, acetovanillone, ethyl vanillin, and methyl vanillate), except for p-coumaric and vanillyl alcohol. Synthetic mediators also gave adequate decolorization rates, except for ABTS, which did not mediate the reaction. PZ, NNDS, and HNNS were the most efficient synthetic mediators.
(v) Acid Blue 74. The indigoid dye Acid Blue 74 ( Fig. 5E ) was decolorized 50% by laccase alone in 6 h, but the presence of any of the natural mediators increased this rate to 100% at the lowest concentration in less than 1 h (except for 2,6-dimethylphenol and vanillyl alcohol, which required 2 to 4 h). The decolorization rates after 30 min are shown in Fig. 8 . Complete decolorization was achieved during the first 5 min with acetosyringone and syringaldehyde. In general, synthetic mediators were less efficient. Among them, PZ was the most rapid and efficient, followed by HNNS and NNDS, enabling 100% decolorization after 1 h. In contrast, ABTS did not enhance decolorization.
(vi) Reactive Blue 38. The phthalocyanine-type dye Reactive Blue 38 (Fig. 5F ) was not oxidized by laccase alone or in the presence of any of the natural or synthetic mediators assayed.
From the above results, acetosyringone appeared to be one of the most efficient natural mediators of laccase decolorization of the five dyes assayed. The decolorization rates attained with the two laccases assayed at different acetosyringone/dye molar ratios and treatment times are summarized in Table 2 . The UV-visible spectra of Reactive Black 5 and Acid Blue 74 and the changes produced during fast decolorization (scans every 5 s) with P. cinnabarinus laccase and acetosyringone are shown in Fig. 9A and B , in contrast to the slow decolorization (scans every 10 min) in the presence of vanillin ( Fig. 9C and  D) .
DISCUSSION
Natural mediator screening. Reactive Black 5 is not oxidized by laccases from P. cinnabarinus and T. villosa, despite both being high-redox-potential laccases (32, 43) . This is probably due to the high redox potential of this dye, which is not oxidized by chemical oxidizers such as Mn 3ϩ (22) , but steric hindrances may also reduce the accessibility of the -OH and -NH 2 on January 14, 2019 by guest http://aem.asm.org/ groups to laccases. Only methyl or methoxy ortho-substituted diazo dyes have been shown to be oxidized by laccases (11) . However, the decolorization of Reactive Black 5 by a laccase is possible in the presence of redox mediators (12) . This reaction was used as a test to evaluate the mediating capabilities of naturally occurring phenols, amines, and other compounds under study. The 10 mediators selected among 44 different compounds included phenols derived from syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H) lignin units, characterized by the presence of two, one, or no methoxy substituents, respectively (in ortho positions with respect to the phenolic hydroxyl) (24) , such as syringaldehyde, acetosyringone, vanillin, acetovanillone, methyl vanillate, and p-coumaric acid. Recently, some phenols, including syringaldehyde and acetosyringone, have been described as laccase mediators for indigo decolorization (9) as well as for the transformation of a fungicide (27) and hydrocarbon degradation (25) . However, the present study provides the first comprehensive screening for natural mediators, which were then compared with synthetic artificial mediators for the ability to decolorize different types of dyes. Moreover, the capabilities of natural phenols to act as laccase mediators were demonstrated by the use of mediator/ substrate molar ratios of 1 to 4, which are much lower than those used in the studies mentioned above (ratios of 19 to 40) (25, 27) . Both the possibility of obtaining mediators from natural sources (lignin) and the low mediator/substrate ratios used strongly increased the feasibility of the laccase-mediator system for industrial or environmental applications. In fact, syringaldehyde and acetosyringone are among the main products from both biological and enzymatic degradation and chemical (alkaline) depolymerization of S-rich lignins (14, 29) , such as lignins of eucalypt and some nonwoody plants (15, 21) . Enzymatic decolorization of dyes. P. cinnabarinus laccase (33, 44) has been investigated for use in paper pulp bleaching (8, 43) , but we showed in the present study that it is also efficient for dye decolorization. No significant differences from T. villosa (50) laccase were observed in the presence of the same mediators. This shows that once an enzyme posses a redox potential that is high enough to oxidize the mediator (those of both laccases used here exceed 0.7 V) (32, 43) , the efficiency of the laccase-mediator system mainly depends on the mediator used. Except for the phthalocyanine-type dye Reactive Blue 38, all other dyes assayed could be decolorized by the use of laccases and mediators. Efficient decolorization was confirmed by UV-visible spectroscopy showing a general decrease in dye absorption (in the 275-to 800-nm region) during laccase-mediator treatments. The decolorization of Reactive Blue 38 by ligninolytic peroxidases was reported previously (22) . The anthraquinoid (Reactive Blue 19), indigoid (Acid Blue 74), and triarylmethane-type (Aniline Blue) dyes assayed could be directly decolorized by the P. cinnabarinus and T. villosa laccases. However, the presence of phenolic mediators strongly accelerated the reaction and increased the decolorization rates attained. The most recalcitrant dyes were the heterocyclic dye (Azure B), which is used to detect lignin peroxidase activity because it is not oxidized by laccase or manganese peroxidase alone, but it was partially decolorized in the presence of the mediators (1). The diazo dye Reactive Black 5 was oxidized by laccase only in the presence of mediators, but high decolorization rates were attained. Most of the phenolic mediators tested here were much more effective than HAA, a metabolite of P. cinnabarinus that was described as a natural laccase mediator (16) , although more recent studies have shown that it does not play a role in lignin biodegradation as initially suggested (31) . On the other hand, the most efficient natural mediators identified, i.e., syringaldehyde and acetosyringone, were always more rapid at decolorizing dyes (only 5 to 30 min were required) than the synthetic mediators, including the best-known mediators HBT and VIO as well as HNNS and NNDS (which provided the best results among synthetic mediators).
Natural mediator oxidation by laccase. The limiting step in the oxidation of phenols by laccase is the first electron transfer from the substrate to T1 copper, a reaction that is mainly governed by differences in redox potential between the phenol and the enzyme (47) . The electron donor effect of methoxy substituents at the benzenic ring enhances laccase activity due to a decreased redox potential. In this way, acetosyringone and syringaldehyde (two S-type compounds) were rapidly oxidized by laccase (50-to 100-fold higher V max values than the G-type phenols acetovanillone and vanillin) and were also found to be the most rapid and efficient enzyme mediators. However, nei- on January 14, 2019 by guest http://aem.asm.org/ ther syringol nor syringic acid, two other S-type phenols, were as effective as the corresponding ketone and aldehyde. This was due to other factors influencing the oxidation rate by laccase, especially the pK a , since phenol oxidation to a phenoxy radical is favored by the presence of the phenolate form (13) . In this way, syringaldehyde and acetosyringone possess lower pK a values (7.34 and 7.88, respectively) than syringic acid (9.49 for the phenolate) and syringol (9.98) which promote faster oxidation (40) . Dye oxidation by phenol radicals. The specificity of mediators towards different functional groups must also be taken into account in laccase-mediator reactions. For example, laccase-ABTS is not reactive towards benzylic ethers or alkylbenzenes, but it is effective on benzyl alcohols (2, 10) , and oxidized HBT and VIO also seem to be more competent towards some specific groups (2, 45) . In the present study, we obtained different decolorization rates depending on the type of dye and mediator used. Thus, p-coumaric acid efficiently mediated Azure B decolorization but was unable to decolorize Aniline Blue. In contrast, syringaldehyde was not very effective on Azure B but was highly efficient on the other dyes. Finally, acetosyringone seemed to be highly competent to mediate the oxidation of all dyes tested. Recently, two different mechanisms for the oxidation of nonphenolic compounds by laccasemediator systems have been proposed: (i) an electron transfer route for mediators such as ABTS and (ii) a radical hydrogen atom transfer route for mediators of the -NOH-type (2) . It is very likely that the phenoxy radicals formed during the oxidation of natural mediators by laccase act similarly to the -NO·radicals from -NOH-compounds, i.e., they extract a hydrogen atom from the substrate (13) . Therefore, the dissociation energy of the corresponding bond should govern their reaction with the laccase mediators.
The feasibility of the laccase-mediator systems depends on the redox reversibility of the reaction of the radical with the substrate as well as on the balance between the stability and reactivity of the mediator radical which, in addition, should not inhibit the enzyme activity. The two former conditions have been confirmed with acetosyringone, since voltametric and electron paramagnetic resonance studies have shown the true reversibility of the substrate reaction (19) and the long half-life of its phenoxy radical (35) . In contrast, the -NO·-radical from HBT inactivates laccase, and due to its high reactivity, decays rapidly to benzotriazole and other inactive compounds (30) . As mentioned above, syringaldehyde and acetosyringone are more easily oxidized by laccase than are vanillin and acetovanillone due to their lower redox potentials (their pK a values are very similar). These two S-type phenols also form more stable radicals due to the presence of two methoxyl groups on the aromatic ring that prevent the formation of biphenyl-type structures by radical condensation, as produced after the laccase oxidation of G-type phenols. The higher stability of acetosyringone (and also syringaldehyde) phenoxy radicals in slightly acidic aqueous media (6) explains why dye decolorization in the presence of this mediator was better at pH 5, despite the optimal oxidation by the enzyme at pH 3.
Conclusion. After natural mediator screening and an evaluation of the chosen mediators' performances on different Aniline Blue  5 min  2  43  66  77  3  40  63  78  30 min  3  47  68  81  5  43  66  81  2 h  10  53  72  82 13  49  69  82 a Decolorization was monitored at the absorption maxima of Azure B (647 nm), Reactive Black 5 (598 nm), Reactive Blue 19 (592 nm), and Aniline Blue (592 nm). types of dyes (using low mediator concentrations), we concluded that several lignin-derived phenols (such as syringaldehyde and acetosyringone) represent ecofriendly alternatives to synthetic (including -NOH-type) mediators for laccase degradation of different types of dyes and other recalcitrant compounds in terms of both efficiency and velocity of oxidation. FIG. 9 . Changes in absorption spectra (275 to 800 nm) of two dyes (25 M) during decolorization with P. cinnabarinus laccase (100 mU/ml) in the presence of acetosyringone (25 M) or vanillin (25 M) (reactions were carried out at 24°C and pH 5). (A) Reactive Black 5 decolorization with acetosyringone (spectra were recorded every 5 s for a total time of 5 min). (B) Acid Blue 74 decolorization with acetosyringone (spectra were recorded every 5 s for a total time of 1 min). (C) Reactive Black 5 decolorization with vanillin (spectra were recorded every 10 min for a total time of 12 h). (D) Acid Blue 74 decolorization with vanillin (spectra were recorded every 10 min for a total time of 90 min). 
